The degree of hydroxylation of the lysine residue located in both ocl-and C2-chains of collagen in the N-terminal, non-helical telopeptide region of the molecule has been determined in collagen from various sources after isolation of the peptides (al-and ex2-CBI) that contain the lysine residue in question and are obtained by cyanogen bromide cleavage of collagen acl-and X2-chains respectively. As with collagen from chick tibia, bone collagens from rat tibia and femur and embryonic chick frontal bone, have a high degree of hydroxylation (approx. 50% or more) of the lysine residue in both ol-and a2-CBl peptides. This is in contrast with the lack of hydroxylation of this residue in both cxl-and ac2-chains of all skin collagens so far examined. The presence of hydroxylysine in ac I-and OC2-CB1 peptides from tendon collagen is also indicated. In rat tail tendon collagen the amount of hydroxylation is only slight but in the much less soluble tendon collagen from embryonic chick leg tendons, approximately one-third of the lysine is hydroxylated.
a2-chains of collagen are derived from the nonhelical region located at the N-terminal end of the molecule. As isolated from a variety of skin collagens Kang, Bornstein & Piez, 1967; Kang, Piez & Gross, 1969a;  Kang, Igarashi & Gross, 1969b; Bornstein & Nesse, 1970; Click & Bornstein, 1970; Fietzek, Munch, Breitkreutz & Kuhn, 1970; Epstein, Scott, Miller & Piez, 1971; Rauterberg & Kuhn, 1971; Volpin & Veis, 1971 ) each peptide contains a single unhydroxylated lysine residue that may be oxidized in vivo to allysine (the 8-semialdehyde of oe-aminoadipic acid) before its involvement in intramolecular interchain cross-linking (giving rise to ,-components) through condensation with the equivalent allysine residue of the adjacent a-chain .
In the one bone collagen that has been examined, that from chick tibia, it has been found that the lysine residue in both the at,-and the oc2-CB1 peptides is partially hydroxylated, approx. 50% being converted into hydroxylysine (Miller, Lane & Piez, 1969; . This observation may be of particular significance because of the presence in chick bone collagen (Bailey, Fowler & Peach, 1969) of the hydroxylysine-derived intermolecular cross-link syndesine, formed by reaction between allysine and the corresponding aldehyde from hydroxylysine (hydroxyallysine). Syndesine is not present in rat skin collagen (Bailey, Peach & Fowler, 1970a) and virtually absent from calf skincollagen (A. J. Bailey, personalcommunication). The inter-as well as the intra-molecular cross-links of collagen involve the non-helical region(s) of the molecule (see Bomstein, Kang & Piez, 1966; Bailey, Peach & Fowler, 1970b) and it is therefore possible that the formation of syndesine involves the hydroxylysine residue in the CB1 peptides. Hydroxylation of the lysine residue occurring in these peptides would then be of considerable significance in determining the type of cross-link formed and thereby of possible relevance to the type of collagen synthesized at different physiological sites.
With these considerations in mind, we have examined the hydroxylysine content of the ac-and oc2-CBl peptides from various collagens. The degree ofhydroxylation has been measured by determining the lysine and hydroxylysine radioactivity in these peptides obtained from collagen labelled with [3H]-lysine during synthesis and synthesized in the presence of 3-aminopropionitrile fumarate to inhibit the conversion of the lysine residue into allysine. The present paper gives the results of these studies.-A preliminary account of this work has been reported elsewhere (Barnes, Constable, Morton, & Kodicek, 1971 Preparation of rat collagen8. Black-and-White hooded rats weighing approx. 100 g were injected intraperitoneally with 0.5ml of 20% (w/v) 3-aminopropionitrile fumarate in 0.9% NaCl. After 1 h each rat received by the same route 0.5mCi of L-[4,5-3H]lysine monohydrochloride in 0.5 ml of water. Rats were killed 4-5 h later.
Salt-soluble (1 m-NaCl) collagen from skin and acidsoluble (0.5M-acetic acid) collagen from tail tendon were extracted and purified as described by Bornstein & Piez (1964 .
Tibiae and femora were extracted essentially as described by Miller, Martin, Piez & Powers (1967) . Bones were suspended in 0.5M-acetic acid and dialysed against frequent changes of 0.5M-acetic acid for 3 weeks. The suspension was then clarified by centrifugation and the clear supernatant dialysed directly against 0.06m-sodium acetate buffer, pH4.8, before chromatography on CMcellulose.
Preparation of embryonic chick collagens. Fertilized eggs were incubated for 17 days. Embryos were then removed, the frontal bones dissected out and incubated in Krebs-Ringer bicarbonate buffer (medium M; Manning & Meister, 1966) containing penicillin and streptomycin (100 units/ml) and 3-aminopropionitrile fumarate (50pg/ ml). Bones from 12 embryos were incubated in lOml of medium containing 0.25mCi of L-[4,5-3H]lysine monohydrochloride, under 02 +C02 (95:5) at 37°C for approx. 5 h. The bones were removed from the incubation, rinsed in cold buffer, frozen in liquid N2, then crushed in a stainless-steel mortar. The crushed bones were extracted for 16h with 0.5M-acetic acid. The extract, after exhaustive dialysis against 0.15m-acetic acid, that initially contained unlabelled lysine (1 mg/ml) was precipitated (in the presence of carrier collagen) by the addition of NaCl to 5% (w/v). The precipitate was redissolved in 0.06M-sodium acetate buffer, pH4.8, before chromatography on CM-cellulose.
Leg tendons from 21-day-old embryos were treated in the same manner except that precipitation with 5% NaCl was performed without the addition of carrier collagen.
Preparation of cc-chain8. The ac-and a2-ohains were obtained from denatured collagen solutions by chromatography on CM-cellulose (Piez, Eigner & Lewis, 1963; . The eluate was examined by measuring the radioactivity in a portion of each fraction, by using lOml of Kennedy's solution (Kennedy, 1969 ) and the Beckman model LS-250 liquid-scintillation counter. Fractions corresponding to the L%,-or r2-peak were combined, freed ofsalt by dialysis and freeze-dried. Incorporation of radioactivity into fl-components was only slight in rat samples and negligible in embryonic chick samples, presumably indicative of the effectiveness of 3-aminopropionitrile fumarate in preventing cross-linking, but also partly because of the relatively short time during which radioaotive incorporation was allowed to proceed. No attempt was made therefore to collect arl -fractions free of the Bll -component that appears as a shoulder on the trailing edge of the al-peak.
Cleavage with cyanogen bromide. The al-and a2-chains were cleaved with CNBr as described by .
Chromatography of a1-and Oc2-CBl peptides on phosphocellulo8e. After removal of CNBr by freeze-drying, the residue was dissolved in water and dialysed. The diffusate containing the low-molecular-weight peptides, including al-and 0(2-CBl, derived from CNBr cleavage, was chromatographed on phosphocellulose . Radioactivity in the eluate was measured as described above.
The separation of the diffusible CNBr-derived peptides on the phosphocellulose column (2 cm x 22 cm) used in this study was first established by chromatography of a CNBr digest of the axl-and ac2-chains of unlabelled rat skin collagen. Peptides were detected and analysed as described by and the separation found to be as reported by these authors.
Determination of lysine and hydroxylyaine radioactivity. The al-and a2-CB1 peptides obtained by phosphocellulose chromatography were desalted on Biogel P2 and then hydrolysed by refluxing in 6M-HCI for 24h. Lysine and hydroxylysine in the hydrolysate were separated by ionexchange chromatography at 500C on a oolumn (140cm x 0.6 cm) containing Technicon Type A Chromobeads previously equilibrated with 0.8M-pyridine-formate buffer, pH5.0. The column was eluted with the same buffer. Carrier lysine and hydroxylysine were added to the hydrolysate before chromatography. Fractions were assayed with ninhydrin on the Technicon Autoanalyser as described by Barnes, Constable & Kodicek (1969) and a measured proportion of those containing lysine or hydroxylysine combined within each peak, dried in vacuo, and the residue dissolved in 0.5 ml of water and counted for radioactivity in lOml of Kennedy's (1969) solution. Total lysine and hydroxylysine radioactivity in the sample was calculated at a fixed (40%) efficiency of counting.
RESULTS AND DISCUSSION Pho8phocellIUo8e chromatography of the lowmolecular-weight products from cyanogen bromide cleavage. (1) al-chains. Phosphocellulose chromatography of the diffusible products from cyanogen bromide cleavage of a,-chains should give rise to only one major radioactive peak in the eluate, that of the peptide ai,-CB1, since peptides a, -CBO (when present) and ao-CB2 contain no lysine or hydroxylysine and peptides a2-CB4 and a2-CB5 would not be eluted under the conditions employed. Other peptides would not be diffusible. In accord with this, the a, -chain from rat skin collagen resulted in only a single radioactive peak (Fig. la) in a position corresponding to that for ocl-CBI. The absence of any peak corresponding to the peptide a, -CBBI Ald. in which the lysine residue of ao-CBI has undergone oxidation to allysine confirrned the effectiveness of 3-aminopropionitrile fumarate in inhibiting this oxidation. The column was eluted with a gradient of NaCl from 0-0.3ir in 0.001 M-sodium acetate buffer, pH 3.8, over a volume of 820 ml. Fractions (10 ml) were collected and the radioactivity in a portion of each was counted as described in the text. (a) Rat skin collagen; a, -chains (6500); (b) embryonic chick frontal bone, cq, (150000); (c) rat leg bone, aq, (1500); (d) as (b) but 0a2, (26000); (e) as (c) but a2 (1100). For (a), (b) and (d), 0.5ml of each fraction was counted for radioactivity (efficienoy of oounting approx. 28%). For (c) and (e) 1 ml of each fraction was counted for radioaotivity (efficiency of counting approx. 24%). The values in parentheses refer to the amount of radiosctivity, as o.p.m. at 30% efficiency of counting, applied to the oolumn.
HYDROXYLYSINE IN COLLAGEN PEPTIDES
The a, -chains from collagen of rat tail tendon and of embryonic chick frontal bone and leg tendon gave a single major peak corresponding to ax1-CBI and in addition a small number of minor peaks that were not examined further (Fig. lb) . The first of these may correspond to a trace of at-CBI Ald. or alternatively the peptide a1l-CB (0-1).
The al -chain from rat bone collagen gave a more complex chromatogram (Fig. lc) , in which another peak (peak 2) was eluted after the a1-CBI peak (peak 1) and was of comparable size. Both these peaks were analysed. Other peaks eluted earlier were not examined further.
(2) a2-chains. As with the a,-chains, only one major radioactive peak corresponding to a2-CBI was to be expected in the eluate from phosphocellulose under the conditions of chromatography used. No radioactivity would be contained in a2-CBO and a2-CB2 would not be expected to emerge until late in the gradient and after elution was terminated. Other peptides would not be diffusible. The a2-chains from collagen of rat skin and tail Table 1 . Hydroxyly8ine radioactivity as a percentage of the total (ly8ine plus hydroxyly8ine) radioactivity in a,-and o2-CB1 peptide8 from variou8 collagens Hydroxylysine values have been corrected for a 25% loss of radioactivity during hydroxylation that occurs with L-[4,5-3H]lysine as reported by Popenoe, Aronson & Van Slyke (1965) and confirmed in the present study by measuring the specific radioactivity of lysine and hydroxylysine in collagen isolated from rat skin after administration of the above compound. tendon and embryonic chick frontal bone and leg tendon all gave a similar elution pattem of a single major radioactive peak in the position of oC2-CB1 preceded by a minor peak that was not examined further but that could conceivably be the peptide oC2-CB1 Ald. (Fig. Id) . Rat bone collagen was again anomalous, since the oc2-chains from this source gave rise to two main peaks (Peaks 1 and 2) in the vicinity of oC2-CBL (Fig. le) . Both peaks were examined.
Ly8ine and hydroxyly8ine content of ael-and a2-CBR peptide8. The distribution of radioactivity between lysine and hydroxylysine in the al-and a2-CBI peptides from the various collagens studied is shown in Table 1 . In agreement with the findings of al-and x2-CBI from rat skin collagen contained no hydroxylysine. However, in collagen from embryonic chick frontal bone, like that from chick tibia , 50% or more of the lysine in both ael-and OC2-CBI peptides had been hydroxylated. Similarly, the corresponding lysine residue in bone collagen from rat tibia and femur exhibited a high degree of hydroxylation in both aI -and OC2-chains. Thus the two radioactive peaks (Peaks 1 and 2) eluted from phosphocellulose in the al-CBI region after cyanogen bromide cleavage of rat bone collagen ocl-chains both contained approx. 75% of their total radioactivity as hydroxylysine.
It seems probable that the two peaks represent two forms of xl-CBI, possibly forms in which the homoserine is in either the open or alternative lactone structure (see . Alternatively they may reflect the presence of two types of oal-chains in rat bone collagen as has been reported for chick cartilage and newborn human skin collagen (Miller & Matukas, 1969; Trelstad, Kang, Igarashi & Gross, 1970; . The two peaks obtained from the CX2-chain likewise both contained a high proportion of the total radioactivity as hydroxylysine and are considered to represent two forms of OC2-CBI.
Tendon collagens also exhibited some degree of hydroxylation of the lysine residue in acl-and a2-CB1 peptides. In rat tail tendon collagen, known to be readily soluble in acid and to contain no syndesine (Bailey et al. 1970b ), the amount of hydroxylation was only slight. The presence of hydroxylysine in al-and a2-CB1 peptides of rat tail tendon collagen is not reported by Bornstein (1969) but the analysis given does not exclude the presence of 0.1 residue or less of hydroxylysine per peptide. In the much less soluble collagen of embryonic chick leg tendon, approximately onethird of the lysine in both al-and a2-CB1 peptides has been converted into hydroxylysine. This degree of hydroxylation is intermediate between that of skin and bone and it is of interest that this collagen also contains an intermediate amount of syndesine (Bailey et al. 1970b) .
The results given in the present paper suggest that the degree ofhydroxylation ofthe lysine residue located in al1-and OC2-CBI peptides may not be determined simply by differences in collagen structure but may be governed more by factors that are specific to the particular tissue in which the collagen occurs, e.g., nature or amount of enzyme, or concentration of cofactors. Thus, despite the large difference in hydroxylation, the al-and a2-CB1 peptides from chick bone collagen are otherwise identical with the corresponding peptides from chick skin collagen (Kang et al. 1969a,b; . Further, as shown in Table 1 , despite the large variation in the degree of hydroxylation from tissue to tissue, the degree of hydroxylation in the structurally different acl-and CX2-CB1 peptides of collagen from any one particular tissue is similar.
